Doubly charged Higgs bosons and three-lepton 
signatures in the Higgs Triplet Model 



A.G. Akeroyd 

Department of Physics and Center for Mathematics and Theoretical Physics, 
National Central University, Chungli, Taiwan 320, Taiwan 

Cheng- Wei Chiang 

Department of Physics and Center for Mathematics and Theoretical Physics, 
National Central University, Chungli, Taiwan 320, Taiwan and 
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Taiwan 
(Dated: September 24, 2009) 

Abstract 

Doubly charged Higgs bosons, H^^, are being searched for in the Tevatron experiments. The 
most recent search by the DO cohaboration seeks three muons which are assumed to 

originate from the pair-production process, qq H^^H , fohowed by the decay — > /i^/i^. 
In this three-lepton (3^) channel there are six distinct signatures for i = e or fi. In the context of 
the Higgs Triplet Model, we quantify the dependence of the event numbers for the 3£ channels on 
the parameters of the neutrino mass matrix. It is also shown that the inclusion of the production 
mechanism qq' — > H^^H^, followed by the decay l^u, would significantly increase the 

discovery potential in these channels. We then provide perspectives on the production of these 
channels at the Tevatron and LHC. 

PACS numbers: 14.60.Pq, 14.80.Cp 
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I. INTRODUCTION 



In the last decade, experiments have firmly established that neutrinos have small but 
finite masses below the eV scale Moreover, it is a puzzle why their masses are so much 
smaller than the charged fermions. These facts motivate physics beyond the Standard Model 
(SM), which can potentially manifest itself at the CERN Large Hadron Collider (LHC) 
and/or in low-energy experiments searching for lepton-fiavour- violating (LFV) processes 
[2I. Consequently, models of neutrino mass generation which can be probed at present and 
forthcoming experiments are of great phenomenological interest. 

Among the various viable models, most need to introduce additional heavy neutrinos 
and/or some extremely high scale in order to naturally explain why the observed neutrinos 
are so much lighter than the charged fermions, a celebrated example being the Type-I seesaw 
mechanism with heavy neutrinos of the order of the grand unification scale ^ . Alternative^ 
neutrinos could be massless at the tree level, but acquire a mass by radiative corrections 
However, neutrinos may obtain a mass at tree level from a neutral Higgs boson that acquires 
a vacuum expectation value (VEV) [E, [g], 0]. A particularly simple implementation of this 
mechanism of neutrino mass generation is the "Higgs Triplet Model" (HTM) in which the 
SM Lag^;angian is augmented solely by an SU{2) triplet of scalar particles with hypercharge 
Y = 2 [a, y] . Aside from neutrino phenomenology, a distinctive signal of the HTM would 
be the observation of doubly charged Higgs bosons {H^^), whose mass {Mh±±) may be 
of the order of the electroweak scale. Such particles can be produced with sizeable rates 
at hadron colliders in the processes qq H++H-- 0, [gj and qq' H^^H^ 0, M 



Direct searches have been carried out at the Fermilab Tevatron in the production channel 
qq — >■ H^^H and decay mode — >■ ^fif (where lij = e, yU., r), with mass limits of the 



order Mh±± > 110 - 150 GeV |12| . Il3l . Il4l . |15| . assuming a branching ratio (BR) of 100% in 
a given decay channel. 

In the most recent search by the DO collaboration [3], three muons (fi^fi^fi^) were 
searched for in order to reduce the SM backgrounds to an acceptable level. In fact, there are 
six distinct 3i signatures for ^ = e or /i, and in the context of the HTM the event numbers 
can be calculated as a function of the parameters of the neutrino mass matrix. We perform a 
quantitative analysis to see which of the six channels provides the most promising detection 
prospects for in the HTM. We analyze how the pattern varies with the underlying 

parameters of the model. We also study the impact of the important production mechanism 
qq' —>■ H^^H^, which is omitted in the current searches, but would also contribute to the 3i 
signatures provided that the singly charged Higgs decays leptonically via H"^ — > i'^u. The 
paper is organized as follows. In section II the HTM is briefiy introduced, and in section 
III the current search strategy for H^^ at the Tevatron is reviewed. Numerical results are 
contained in section IV, with conclusions given in section V. 



II. THE HIGGS TRIPLET MODEL 

The HTM model js], |6| is an extension of the SM in which only the scalar sector is 
augmented with a Higgs triplet. The model jl, [6| has the following SU{2) (g) U{1)y gauge- 
invariant Yukawa interactions: 

£ 3 hij^l)jLCia2M3L + h.c. , (1) 
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where the triplet Yukawa couphngs hij{i,j = e,fi,T) are complex and symmetric, C is the 
Dirac charge conjugation operator, o"2 is a Pauli matrix, ipn = (z/j, /j)^ is a left-handed lepton 
doublet, and A is a 2 x 2 representation of the Y = 2 complex triplet fields 5"*", 



A 



6+/V2 d++ 
6^ -6+/V2 



(2) 



Note that the mass eigenstate is entirely composed of the triplet field [H^^^ = S^"^), 
while is predominantly 6^, with a small component of isospin doublet scalar ($). A 
non-zero Higgs triplet VEV, (5°) = va/V2, gives rise to the following Majorana mass matrix 
for neutrinos: 



(3) 



This simple expression of tree-level masses for the observed neutrinos is essentially the main 
motivation for studying the HTM. It provides a direct connection between hij and the 
neutrino mass matrix, which gives rise to phenomenological predictions for processes which 



depend on hij |16l ]. 

The mass matrix rriij for three Dirac neutrinos is diagonalized by the PMNS (Pontecorvo- 
Maki-Nakagawa-Sakata) matrix Vmns 171], for which the standard parametrization is: 



PMNS 



v 



C12C13 



S12C13 



■512C23 — Ci2S23Si3e C12C23 — Si2S23Si3e 



■S23C13 



S12S23 - Ci2C23Sl3e' 



-C12S23 - Sl2C23Sl3e C23C13 



(4) 



where Sij = sin 6ij and Cij = cos 6ij, and 6 is the Dirac phase. The ranges are chosen as 
< < vr/2 and < 6 < 2tt. For Majorana neutrinos (which is the case in HTM), two 
additional phases appear, and then the mixing matrix V becomes 



V = VpMNS X diag(l,e 



where 0i and 02 are referred to as the Majorana phases [6|, Il8[] and —it < 



(5) 



< TT. One 



has the freedom to work in the basis in which the charged lepton mass matrix is diagonal, 
and then the neutrino mass matrix is diagonalized by V. Using Eq. ([3]) one can write the 
couplings hij as follows [l^, 21]: 



m 



V2va V2va 



[^PMNsdiag(mi,m2e*' 



777.36 



(6) 



Here 7771,7772 and 7773 are the absolute masses of the three neutrinos. Neutrino oscillation 
experiments are sensitive to mass-squared differences, A7rt2 



777o 



■777; 



and ATTigi ( 



777q 



777^). Since the sign of ^m^i is undetermined at present, distinct patterns for the neutrino 
mass hierarchy are possible. The case with ^mli > is referred to as normal hierarchy 
(NH) where 7771 < 7772 < 7773, and the case with A7773^ < is known as inverted hierarchy 
(IH) where 7773 < mi < 7772- Information on the mass 7?7o of the lightest neutrino (either 7?7i 
or 77^3) and the Majorana phases cannot be obtained from neutrino oscillation experiments. 
This is because the oscillation probabilities are independent of these parameters, not only 
in vacuum but also in matter. 
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In this work we consider va < 0.1 MeV, which is reahzed if hij is larger than the smallest 
Yukawa coupling in the SM {i.e., the electron Yukawa coupling). In this case, the leptonic 



± 



branching ratios (BR's) of and are dominant {e.g., see 20[), while — > W^W 
is negligible.^ The BR of H^^ — > i^i^ depends on the six parameters of the neutrino mixing 
matrix, V, (with the dominant uncertainty arising from the unknown Majorana phases, 0i 
and 02); the unknown mass of the lightest neutrino (mo), the mass split ting s of the neutrinos, 
and the ignorance of the neutrino mass hierarchy (normal or inverted) [2l| . Detailed studies 
of BR{H^^ i^i^) have been performed in |20|, [H]. Notably, BR{H^ i^u) (in which 
the three flavours of neutrinos are summed over) does not depend on the Majorana phases, 
and the dominant uncertainty is from mo and the neutrino mass hierarchy Importantly, 
BR{H^^ i^i^) ~ 100% and BR{H^ l^v) ~ 100% for a given lepton flavour is not 
possible in the HTM. The charged scalars also induce LFV decays such as /i — > 67, /i — > eee 
whose rates depend on the parameters of the neutrino mass matrix and 



and r — > /// 23 



the absolute values of hij 



III. SEARCHES FOR DOUBLY CHARGED HIGGS BOSONS 



Direct searches for have been carried out at LEP |26|, the Fermilab Tevatron [IJ 
14, 15] and HERA 27|. The searches in [2^ utilize the production mechanism e"'"e~ — 
H^^H , and the searches in [H, [H, [3, 15| assume production via qq H^^H . Both 
of these production mechanisms depend on only one unknown parameter, M^±±, while the 
search strategy in [13] depends on both Mh±± and hij. Production mechanisms which depend 
on the triplet VEV {q'q' 
competitive with qq H^^H' 
source of if^^ at the LHC if 
leptonic decay mode iJ^^ - 
For the case of BR{H^^ - 



28 ) are not 



W^H^^ and fusion via W^*W^* H^^ 
at the energies of the Tevatron, but can be the dominant 
O (1 GeV) and Mu±± > 500 GeV. All searches assume the 
for which there are six possibilities (ee, /i/i, rr, e/i, er, fxr). 
< 100%, the expected number of H^"^ — > i'^i'^ events 
scales linearly in BR (for searches for a single pair of same-sign leptons) or quadratically in 
BR (for searches which require a third lepton or more). Explicit expressions will be given 
below. Thus, the mass limits for Mh±± can be considerably weakened for the (more realistic) 
scenarios m which BR(i7±± l^l^) < 100%. The search strategy at LEP Q required 
four leptons. 



e±e±, 



12 



re- 

The integrated 



The CDF collaboration searched for three final states, if^^ 
quiring at least one pair of same-sign leptons with high invariant mass 
luminosity used was 0.24 fb~^ and the mass limits Mh±± > 133, 113, 136 GeV were obtained 
for the decay channels H"^"^ — > e^e^^e'^u^, /i"*^/!^, respectively, assuming BR=100% in a 
given channel. The DO collaboration 13, 3] searched for H^^ — /x^/i^. We note here that 



the main difference between these searches by DO is the requirement [ij] of a third yU of op- 
posite sign to the two same-sign /i, the latter assumed to originate from the decay of one of 
the pair-produced H^^. This extra requirement suppresses backgrounds from 7/Z — fi~^n~ 
and multijets, which were less than one event for the integrated luminosity of 0.11 fb~^ used 



in [13[, but became non-negligible for the search in [IJ] with 1.1 fb . The requirement 



^ In the HTM the mass sphtting between AIh± and AI[j±± is caused by a term in the Higgs potential 
As^t^A'^ A, and for small values of the coupling A5 the potentially important decay mode H^W* 
is very suppressed. 
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of a third lepton is necessary for the future Tevatron searches in order to reduce the SM 
backgrounds. But such a cut means that signal events would be lost for the realistic case of 
BR{H^^ i^i^) < 100%. 

All the above searches at the Tevatron assume only the production mechanism qq —> 



7*, Z* H^^H . However, the process qq' ^W* ^ H^^H^ [10|, llli has a cross section 
comparable to that of qq H^^H for Mh± ~ Mh±± at hadron colliders, and thus the 
former will also contribute to the search for H^^. In Ref. ll|, it is suggested that the search 



potential at hadron colliders can be improved by considering the following inclusive single 
H"^"^ cross section (cr/f±±): 

+2a{qY ^W* ^ H++H^) , (7) 

where the factor of two arises from the charge conjugate process q'q — > W* H . The 
cross section for at least one pair of same-sign leptons (we focus on £ = e or yU, for 

which hadron colliders have the greatest discovery potential) is given by: 

au = cr{pp ^ H-^+H") x i3«(2 - Bu) 

+2aipp H++H~) X i3« , (8) 

where Bu = BR{H^^ i^i^). For illustration, we take Mh±± = 150 GeV and Mh±± = 
Mh±. Then one has 2a{pp H^^H~) ^ 1.2a{pp H^^H ) at the energy of the 
Tevatron ll|, and Eq. ([8]) simplies to: 



a« = a{pp ^ H++H-~) x i3«(3.2 - Bu) . (9) 

In the following, we normalize the production rate by a{pp H^^H ) and denote the 
corresponding quantity with a hat. Therefore, 

au = Bu{3.2 - Bu) ■ (10) 

The factor 3.2 in the above expression is replaced by 3.8 for the energy of the LHC and 
taking Mh±± = Mh± = 250 GeV. The dominant term in this expression is linear in Bu, 
and there is no dependence on BK{H^ — > i^u). The first searches for at the Tevatron 



13l | looked for at least two same-sign leptons, and such a strategy probed the cross 
section in Eq. fllOj) . Mass limits on Mh±± were obtained, neglecting the contribution from 
qq' — W* — > H^^H^. However, with the larger data samples now available, the requirement 
of a pair of same-sign leptons is not sufficient to reduce the SM backgrounds to a negligible 
level, which is necessary in order to probe larger values of Mh±± ■ The requirement of a third 



lepton is needed in order to improve the limits on Mh±± which were obtained in |12| . |13 



and hence the most recent Tevatron search [IJ] requires a third n of opposite sign to a pair 
of same-sign /i. 

On requiring a third lepton there are six distinct signatures for i = e or fi: e^e^e^, 
e^e^/x^, e^/i^e''^, e'^fi'^fj,^, /i^/x^e^ and ^^ii^^^. The explicit expressions for the cross 
sections of (at least) three leptons {l'^^'^^'^) are given below, where the first two leptons in 
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the subscript of am have the same sign and the third lepton is of opposite sign: 



aeee = Bee [Bee + 2(i3e^ + Ber) + l.2Beu] , (H) 

aee^, = Bee [2{B^^, + Be^ + B^r) + l-2B^u] , (12) 

ae^e = Be^, [Be,, + 2{Bee + Ber) + 1.2i3e.] , (13) 

ae^^ = Be^ [Be^ + 2{B^^ + B^r) + 1-2^^.] , (14) 

^M^e = B^^ [2{Bee + i^e^ + Ber) + 1.2i3e.] , (15) 

a^^f^f, = B^^ [B^^ + 2{Be^ + B^r) + 1.2i3^.] . (16) 



Here B^^ = BR(if^ i^u) and the factors of two are combinatorial. The coefficient 1.2 
in front of Bii, is replaced by ~ 1.8 at the LHC and taking Mh±± = Mh± = 250 GeV. 
The magnitude of this coefficient has a small dependence on Mh±±, and for the LHC it 



increases to ~ 2.0 for Mh±± = 1000 GeV [llj. In the above expressions, we do not include 



contributions to am originating from combinations such as BerBgr, in which one r decays 
leptonically via r iuu. The magnitude of such contributions are suppressed by the 
branching ratio of r ^ iuu ~ 17% for £ = e and /x. Moreover, any i from r — iuu would 
be less energetic than an £ arising directly from the decay of H^^, and thus it would be 
less likely to pass the cut on the tranverse momentum of i. Given these suppression factors, 
we neglect contributions of the type BerBir, which would slightly increase the magnitude of 



In Ref. [29[], a simulation was performed for an inclusive three- lepton signature at the 
LHC, in which e and fi were not distinguished. Such an inclusive channel has the advantage 
of maximizing the sensitivity to Mh±± for a given integrated luminosity. The three-lepton 



signature in [29| requires exactly three leptons, and so it differs from that defined in Eqs. (fTTjl 
to (1161) . Careful attention was given to the contribution of r — s> Ivv, where B^rB^r with one 
tau decaying leptonically and one r decaying hadronically also give the necessary three 
leptons. It was concluded that this inclusive three-lepton signature offered greater discovery 
potential for iJ^^ in the HTM than the signatures of exactly two or four leptons. This is 
mainly because the three-lepton signature has the extra contribution from pp — »• H^^H^ 
(which is not relevant for the four lepton signature), and has a SM background similar in 
magnitude to that for the four-lepton signature in the region of high invariant mass of ii. 

Ref. jlol also acknowledges that the magnitude of aeu for the six exclusive channels de- 
pends on the neutrino parameters in the HTM, and such channels should be investigated 
separately if there is any signal in the inclusive channel. In the next section, we will inves- 
tigate the magnitude of am as defined by Eqs. ffTT]) to flTBl) . At present, the Tevatron has 
only searched in one exclusive three-lepton channel, /i^/i^yU^ jl3l- The SM backgrounds to 
the six exclusive channels (at either the Tevatron or LHC) will not be identical, although 
one expects the backgrounds to be very similar for the region of large dilepton invariant 
mass (say Mh±± > 250 GeV, which cannot be probed at the Tevatron but is relevant for 
the LHC), as discussed in [2^. Morover, efficiencies for lepton tagging will not be the same 
for and /i^. As an example, the search by the CDF collaboration for ee, e/i and nfi in 
the two- lepton (or more) channel [l2| (defined by Eq. (llOp ) showed similar sensitivity to the 
decay modes H"^"^ — >• e^e^ and H"^"^ — > /i^/x^ (with mass limits Mh±± > 133 GeV and 
Mh±± > 136 GeV respectively), but slightly inferior sensitivity to H^^ — > e^fi^ (mass limit 
Mh±± > 113 GeV). 

In Ref. jl^], a simulation at the LHC was performed for the production channel 



pp H^^H^ followed by the decays H^^ —>■ i^i^ and — > i^u, where both e and 
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mg(eV) m^(eV) 

FIG. 1: The cross section for three leptons, (Jm, as a function of for the normal neutrino 
mass hierarchy (left panel) and the inverted neutrino mass hierarchy (right panel) normalized 
to (t{pp — > H^^H ) (for the energy of the Tevatron and Mf£±± = 150 GeV). The curves for 

ill = fJ-fJ,iJ-, fJ-fJ-e, eefi, eee, where the first two leptons have the same charge (++ or ), are drawn 

in solid, dashed, dash-dotted, and dotted lines, respectively. The lines for e/ie and e/j^ji are not 
shown because am ~ 0. The Majorana phases are set to zero (0i = 02 = 0), and the neutrino 
oscillation parameters are fixed as: Am^^ = 8 x 10-^eV^ |Am§i| = 2.5 x IQ-^eV^ sin^ 26*12 0.8, 
sin^ 023 = 0.5, and sin^ 26*13 = 0. 



H contributions are summed together in an inclusive approach like that in 2^. The dif- 



20 



and 



29j is that the former imposes a cut on missing energy (which 
u) in order to remove the contribution from pp H^^H and 
H^^H^. Such a strategy is therefore probing the last 
TTj) to (fT6l) and summing over e"^ and /i^. This approach probes the vertex 



ference between 
originates from 

isolate the contribution from pp 
term in Eqs. 

H^^H^W^, which is present in the HTM but not in models with SU{2) singlet scalars. 
Simulations at the LHC for pp H^^H alone have been carried out in j§, 20, 30 



IV. NUMERICAL ANALYSIS 

In this section we present our numerical study of the magnitudes of the three-lepton 
cross sections, am, defined by Eqs. (ITT]) to (fT6l) . As the primary uncertainties come from 
the lightest neutrino mass mo and the Majorana phases phii^2, here we take for definiteness 
Aml^ = 8 X 10-5eV^ |Am|i| =~ 2.5 x lO'^eV^ sin^ 2^12 = 0.8, sin^ ^23 = 0.5, and 
sin^ 26*13 = 0- The Dirac phase 6 is irrelevant here. 

In Fig. [H aui is plotted as a function of tuq for the energy of the Tevatron. The left 
(right) panel is for the normal (inverted) neutrino mass hierarchy. When making these two 
plots, we assume Mh±± = Mh± = 150 GeV {i.e., the coefficient of the term Bi^, is 1.2), 
set the Majorana phases to zero {(pi = 02 = 0), and fix the neutrino oscillation parameters 
as described above. In Fig. [21 the corresponding results for the LHC are shown, taking 
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0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2 



m^(eV) rn^(eV) 

FIG. 2: Same as Fig. [T]but for the LHC, and taking the coefficient of Bi^ in Eqs. (jlip to ()16p to 
be 1.8 (correponding to Mh±± = Mh± = 250 GeV). 



Mjj±± = Mh± = 250 GeV {i.e., the coefficient of the term Bii, is 1.8). The curves in Fig. [T] 
and Fig. [2] have the same quaUtative behaviour, with the numerical differences being caused 
by the coefficient of the term Ei^. Note that no channel reaches a value of &ui = 1, and the 
largest value is aue ~ 0.7. This is true even when one varies the Majorana phases (see later). 
In the case of the normal mass hierarchy, the dominant channel is to three muons {cy^^^) 
when mo ^0.05 eV. However, in the case of the inverted mass hierarchy the dominant 
channels in this mass range are eee and ee/x. When mo > 0.05 GeV (corresponding to 
quasi-degenerate neutrinos), the dominant channels become /i/ie and ee/i and they saturate 
around 35%. In both hierarchies, and (3"e^^ are numerically tiny and are not shown, 
the reason being that this choice of parameters gives i3e^ ~ 0. In order to show the impact 
of the contribution from pp — > H^^H^, in Fig. [3] the cross sections am are plotted with 
the coefficient of the term set to zero. In this scenario, am is the same at both the 
Tevatron and LHC. From Fig. [3] it is clear that the numerical values of am have dropped 
significantly with respect to Fig. [1] and Fig. [2], and thus the impact of pp — H^^H^ is seen 
to be important. Comparing Fig. [2] and Fig. [3], the large relative enhancement of (jgee is also 
due to the sizeable Beu (~ 50%) in the IH scenario for mo < 0.05 GeV 0. 

We now study the effect of the Majorana phases 0i^2 on am- It is known that such 
phases greatly affect Bu [13, EH, 13], although they have no effect on B^i, 20 1. It is evident 



from Fig. [T] and Fig. [2] that the four dominant channels have a similar magnitude as mo 
approaches 0.2 eV (and beyond). In Figs. HI [5l and [6l the effect of the Majorana phases 
on am is studied for mo = 0.2 eV at the Tevatron. In Fig. IHfor the eee and ee/i channels, 
the rates are higher for smaller (pi. Notably, there is no dependence on 02 for eee, and only 
a small dependence on 02 for ee/i, the reason being our choice of sin^ 2^13 = 0. In Fig. [5] 
for the e/ie and e/i/i channels, the rates are higher for larger 0i and observable values are 
attainable (in contrast to Fig. [T]and Fig. [2] where the rates were negligible). Again, there is 
no dependence on 02 for e/ie and only a minor dependence for e/i/i. In Fig. [H] for the /f/ie 
and /i/i/i channels, both 0i and 02 have a large effect on the rates, with the largest values 
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FIG. 3: Same as Fig. [H but taking the coefficient oi B£,y in Eqs. (fTTj) to (fT6]) to be {i.e., neglecting 
the contribution from pp H^^H^). This figure applies to both the Tevatron and LHC. 
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FIG. 4: Contours of aeee (left), iTee/^ (right) in the (j)i-(p2 plane for tuq = 0.2 eV (quasi-degenerate 
neutrinos). Other parameters are fixed as in Fig. [TJ 



occurring near the 0i = 02 line. It is noted that there is the symmetry 0i 2 ^ —<^i,2 in sl\ 
the channels. 

In Tables [T] (for the normal neutrino mass hierarchy) and[TTl(for the inverted neutrino mass 
hierarchy) the approximate allowed ranges of aue are shown for five different values of ttlq , for 
the Tevatron. The Majorana phases, which have the dominant effect on BR(if^^ — i^i^), 
are varied —ir < 0i, 02 < ^i", and the other parameters are fixed as in Fig. [H In Tables [T] and 
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FIG. 5: Contours of o"e/^e (left), (jg^^ (right) in the 0i-</>2 plane for mo = 0.2 eV (quasi-degenerate 
neutrinos). Other parameters are fixed as in Fig. [TJ 
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0.20 eV 


0.10/0.24 


0.10/0.57 


0.0/0.35 


0.0/0.38 


0.0/0.36 


0.0/0.25 


0.10 eV 


0.08/0.21 


0.08/0.56 


0.0/0.31 


0.0/0.37 


0.0/0.35 


0.0/0.27 


0.05 eV 


0.06/0.18 


0.07/0.49 


0.0/0.20 


0.0/0.33 


0.0/0.31 


0.02/0.31 


0.01 eV 


0.0/0.0 


0.0/0.08 


0.0/0.0 


0.0/0.08 


0.02/0.07 


0.28/0.50 


eV 


0.0/0.0 


0.0/0.0 


0.0/0.0 


0.0/0.01 


0.0/0.01 


0.37/0.50 



TABLE I: Approximate permitted ranges of the magnitude of am, obtained by varying —it < 
0ii </'2 < for several values of niQ. Other parameters are fixed as in Fig. [TJ We take the normal 
neutrino mass hierarchy and the energy of the Tevatron. 

HTl the first number and second number refer to the minimum and maximum values of am, 
respectively, and "0.0" signifies am < 0.01. 

In order to show what value of am could give an observable rate at the Tevatron and the 
LHC, we give in Table UTTl the number of three-lepton events for the case of am = 1 [i.e., the 
cross section is the same as that for pp — >■ H^^H ). We take two representative values of 
Mh±± and realistic luminosities for the Tevatron [C = 10 fb~^) and LHC (£ = 10 fb~^ and 
100 fb~i). Table [ml suggests that with the same doubly charged Higgs mass and luminosity, 
the LHC should produce roughly 10 times more 3i events than the Tevatron. It is also clear 
that am > 0.1 would give a sizeable number of events at the LHC if Mh±± < 250 GeV, and 
thus multiple three-lepton signals would be possible. 
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FIG. 6: Contours of a^^e (left), ^fj,fj.fj, (right) in the (j)i-4>2 plane for tuq = 0.2 eV (quasi-degenerate 
neutrinos). Other parameters are fixed as in Fig. [TJ 



mo 














0.20 eV 


0.10/0.24 


0.10/0.57 


0.0/0.35 


0.0/0.38 


0.0/0.36 


0.0/0.25 


0.10 eV 


0.11/0.28 


0.10/0.60 


0.0/0.40 


0.0/0.38 


0.0/0.37 


0.0/0.23 


0.05 eV 


0.14/0.35 


0.10/0.61 


0.0/0.52 


0.0/0.40 


0.0/0.38 


0.0/0.20 


0.01 eV 


0.22/0.53 


0.11/0.57 


0.0/0.76 


0.0/0.37 


0.01/0.28 


0.01/0.14 


eV 


0.22/0.55 


0.12/0.52 


0.0/0.80 


0.0/0.34 


0.06/0.19 


0.03/0.11 



TABLE II: Same as Table U but for the inverted neutrino mass hierarchy. 



V. SUMMARY 

The most recent search for doubly charged Higgs bosons at the Fermilab Tevatron requires 
three muons in order to reduce the Standard Model backgrounds to an acceptable level. In 
these three-lepton (£££) exclusive channels the greatest detection potential is for £ = e and /i, 
for which there are six distinct channels. In the Higgs Triplet Model the magnitude of their 
cross sections is determined by the parameters of the neutrino mass matrix. We analyze the 
pattern of the cross sections and show that any of the six channels could be dominant. We 
also show that their rates are significantly enhanced by the contribution of the subprocess 
qq' H'^^H^, followed by the decay (-^i^e- The discovery potential for H^^ at the 

Tevatron will remain competitive even into the era of the LHC, and we encourage searches 
for H^^ in the above six exclusive channels. 
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£ (fb-i) 


Mh±± 






Tevatron 


10 


150 GeV 


~ 20 fb 


~ 200 


LHC 


10 


150 GeV 


~ 200 fb 


~ 2000 


LHC 


100 


250 GeV 


~ 30 fb 


~ 3000 



TABLE III: Number of three-lepton events (Nm) for the case of am = 1, for representative values 
of Mij±± and the integrated luminosity (£) of the Tevatron and the LHC. 
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